We report a new type of plasmonic nanoscale ridge aperture and its fabrication process which is based on layer-by-layer planar lithography. This new fabrication method allows us to create desired nanoscale features of a plasmonic ridge waveguide nanoscale aperture, which helps to confine a near-field spot to sub-wavelength dimensions. Numerical simulations using Finite Element Method (FEM) are performed to calculate the near-field distribution around the exit of the aperture. Measurements using scattering near-field scanning optical microscopy (s-NSOM) confirm the design and demonstrate that the aperture is capable of producing focused spots in the ridge gap at the exit of the aperture. The planar lithography process is a step toward mass production of such plasmonic structures for applications including heat-assisted magnetic recording (HAMR).
Introduction
Many efforts have been made towards confining optical energy into spots with sizes smaller than the optical diffraction limit. Recently, the use of the surface plasmon polaritons (SPPs) is one of the most studied ways of overcoming such the diffraction limit [1, 2] . The collective oscillations of electrons in the boundary of a metal and a dielectric called surface plasmons can be generated with an incident wave on such a boundary. While oscillating at the same frequencies as the incident wave, plasmonic waves can have much shorter wavelengths. This provides a great means to concentrate electromagnetic energy to dimensions that are much smaller than the diffraction limit of light. Plasmonic devices are nanoscale structures with dimension comparable to the wavelength of the plasmonic oscillations. There have been studies on plasmonic devices for light focusing with different types of geometries including 1 -dimensional boundaries between 2 dimensional metal-dielectric crystals [3] , nanoparticles, slits, rods, wedges, rings, V-shaped grooves [4] , and nano-diabolo [5] , among others. Light focusing plasmonic devices have been widely used for many different applications including near-field scanning optical microscopy NSOM [6, 7] , photovoltaics, light emission [7] , and nano-lithography [8] .
Nanoscale ridge apertures fabricated in a metal film are amongst the most successful plasmonic devices for localization and enhancement of optical fields [9, 10] . The gap between ridges efficiently confine far-field light irradiation into a nanoscale near field while the metal screen blocks far field illumination. It has been shown that the size of the localized spot is directly related to the size of the gap [11] . Due to their planar geometry, ridge apertures can be fabricated in large numbers on one substrate, which makes them suitable for parallel processing such as parallel near field optical lithography [12, 13] . One of the most promising applications for nanoscale ridge apertures that has been investigated recently is for the development of plasmonic near field transducers (NFT) [14] for Heat Assisted Magnetic Recording (HAMR) [15] . Because of the inherent magnetic instability of small volumes when the bit size of a recording media reduces [16] , conventional magnetic recording has reached the limit of miniaturization of about 1TB/in 2 . For HAMR, media with higher stability is used, and an NFT creates a very localized intense electromagnetic field that heats up the medium thus decreases its coercivity. Among previously reported NFTs there were structures with different shapes including lollipops [17], E-shape structures [18] , bowtie apertures [19] , and nano beaks [20] .
In the past, most of the ridge apertures were made using sequential fabrication methods such as focused ion beam (FIB) milling. These methods are relatively simple because they require a few steps only, for example, metal deposition and ion beam milling for FIB. One of the disadvantages of using FIB for fabrication is the proximity effect that produces rounded features and reduces the localization of light. Schemes to overcome this problem include milling in such a way that the input side of light is the one with the FIB milled rounded feature and the exit side has a minimum rounded shape for light focusing [21, 22] . This paper presents a novel method for fabricating ridge apertures using planar layer-bylayer lithography process. The apertures are constructed in the cross section of a dielectric layer surrounded by metal layers from top and bottom. This method can potentially overcome the proximity effect in the FIB process, and also be suitable for mass production of aperture arrays. Numerical computations are used for the design of these apertures. The fabricated apertures are characterized using scattering near field optical microscopy (s-NSOM). Figure 1(a) shows the procedure to fabricate the ridge aperture in a layer-by-layer manner. A cleaned silicon substrate is coated with layers of titanium, gold, and chrome.A 5 nm titanium layer serves as an adhesion layer between the 150 nm of gold and the silicon substrate, while a 3 nm chrome layer serves as an adhesion layer between the gold layer and a photo resist layer of hydrogen silsesquioxane (HSQ).HSQ was chosen for being a negative resist that would allow for the structure to maintain its shape and for being transparent which are needed for our purpose.The HSQ is coated at 4000 RPM for 45 seconds and soft baked at 120°C for 3 minutes, and then exposed using electron beam at a current of 0.3 nA with a dose of 2000 μC/cm 2 . The exposure pattern of lines are shown in the second figure in Fig. 1(a) . The exposed HSQ is further developed in tetramethylammonium hydroxide for 45 seconds. This process is intended for generating pairs of lines of HSQ with thickness of about 85 nm and a width of 220 nm, which can vary according to the design.The spacing between the lines in each pair is 25 nm. However there is residual HSQ left in between the HSQ lines due to the proximity effect during e-beam writing as shown in Fig. (1a) . The amount of the residual is consistent as long as the substrate materials and exposure conditions remain the same. After developing HSQ, a 5 nm layer of titanium and 200 nm layer of gold are coated in a substrate rotation chamber to fill the ridge between the two lines of HSQ with gold.The final structure is illustrated in Fig. 1(b) . It forms a previously studied c-aperture [22] . The gap is found to be about 40 nm from scanning electron microscopy (SEM) imaging, and this gap size produces a satisfactory near-field according to numerical calculations and s-NSOM measurements described below.
Layer-by-layer fabrication of ridge apertures
Great efforts have been made in order to access the structure for NSOM measurement, as illustrated in Fig. 1 (c) and described below. First a laser cut was made using an amplified femtosecond laser cutting system as shown in Fig. 1(c) , along the silicon crystal lattice direction (the electron beam exposed lines are intentionally made perpendicular to the crystal lattice orientation). The laser does not directly cut the exposed lines to avoid damage to the fabricated aperture. The substrate is then broken apart by mechanical force. In order to access the aperture using an NSOM tip, a cross section wall is made using FIB milling close to the edge of the cut substrate as shown in Fig. 1(d) . This relatively wide FIB milling (about 30 μm) allows light to reach the aperture. Before the FIB milling, a layer of platinum of about 6 μm thick is deposited as shown. This additional platinum layer on top of the aperture helps to block background light during NSOM measurements as well as to protect the apertures during the FIB milling. We fabricated a 6 μm tall platinum wall to avoid the interference of the scattered light around the wall with our NSOM measurements. 
Electromagnetic simulation
Full wave 3D simulations of the apertures were performed using ANSYS HFSS, a commercial FEM based electromagnetic equation solver. The aperture consists of two HSQ lines of width (w) 220 nm each. The height (h) of the HSQ lines was considered to be 85 nm. The spacing (s) between the two lines was 25nm. Gold reached into the spacing between the two lines to a distance d = 45 nm, resulting in a gap distance between the tip of the gold and the bottom gold layer of 40 nm. A fillet radius of 20 nm was used at the apex of the penetrated portion of the gold in order to resemble the fabricated geometry as observed from the SEM images. The thickness of the aperture was taken to be 100 nm and a Gaussian beam of radius 500 nm, polarized along the vertical direction in the figure, was incident on the aperture. Absorption radiation boundary conditions were used at the outer surfaces of the model and the wavelength of 633 nm was used. Figure 3(a) shows the schematic of the model along with the key dimensions and the polarization of the incident beam. The optical properties of gold were taken from [23] . Fig. 3(a) at a distance of 5 nm from the aperture. The tip of the penetrated portion of the top layer of gold acts as a lightning rod and helps the confinement of electric field giving rise to an intense hot spot. Coupled with the effect of the localized surface plasmons, the electric field is enhanced by several times at the tip compared with the incident light. The field strength inside the HSQ layer and the metal layer is illustrated using the z component of the electric field. Figures 3(c) and (d) shows the z component of the electric field at a plane right above (1 nm above) the exit plane and at a plane 1nm below the exit plane. It can be seen that the maximum field strength within the HSQ layer is 12 times that of the incident field while the it only 8 times within the metal layer. The field generated due to the surface plasmons at the apex of the tip penetrate to different distances within the HSQ layer and the metal, and the skin depths obtained from Fig. 3e are 2 .98 nm inside the metal layer and 16.1 nm inside the HSQ layer.
It is noted that the presence of a thin layer of titanium between the HSQ layer and the top gold layer could reduce the field strength at the tip and the simulation indicates that the field strength can decrease by a factor of up to 1.6. However, since the 5 nm nominal thickness of Ti might not be necessarily conformal, the effect of the Ti layer might not be as large as the simulation results. If detailed information about the Ti layer is known, it will be possible to use the effective medium theory which employs an effective dielectric constant consisting of the volume fraction of Ti and Au in the Au/Ti layer to account for the effect of titanium. As with any ridge apertures, the dimensions of the aperture play an important role in determining the functionality of the apertures and their ability to concentrate light into a hotspot. With respect to the fabricated apertures, the penetration depth and the width of the apertures are the two important parameters which affect how the apertures function and accordingly, we studied the simulated performance of the apertures when the penetration depth of the gold and the width of the individual HSQ lines are varied.
Figures 4(a)-4(c) show the electric field distribution at a plane 5 nm from the exit plane when the penetration depth, d is varied as 20 nm, 45 nm and 75 nm respectively. All other dimensions are kept constant as in Fig. 3(a) . For a particular wavelength, the change in the penetration depth causes a change in the charge accumulation at the tip. We see that while Next, we study the effect of the change in the aperture size by altering the HSQ line widths. In Figs. 4(d)-4(f) , the line width, w is 40 nm, 120 nm and 220 nm respectively and all the other dimensions are fixed as in Fig. 3(a) . From the results of the electric field, we find that changing the aperture width brings about a marked change in the charge accumulation due to surface plasmon at the edge of the gold-HSQ interface. In Fig. 4(d) , when the line width is 40 nm, the field at the tip is several times than the incident field but at the same time there is a high field concentration at the interface between the bottom gold layer and HSQ lines which will prevent from realizing an isolated hot spot. When the line width is increased to 120 nm as in Fig. 4(e) , the field concentration at the interface starts spreading out along the top and bottom gold-HSQ interface but an isolated spot at the tip is still not obtained.
Increasing the line width even further to 220 nm helps in isolating a hot spot as seen in Fig.  4(f) . Extending the line width to large than 220 nm resulting in a nearly identical field as what is shown in Fig. 4(f) .
In order to quantify the performance of the apertures, electric field 5 nm above the aperture and the spot size were evaluated for more values of w and d. Figure 4(g) shows the electric field when w and d are varied. It appears that a narrower width w will produce a higher field intensity. However, from the spot size for different values of w and d shown in Fig. 4(h) , it can be seen that the spot size tends to become larger when w is smaller. This is due to the effect of the edge plasmon at the interface of the gold and the HSQ layer. Therefore the selection of the aperture sizes should consider both the field intensity and the spot size.
From these calculations and considerations of fabrication processes, we focus on the demonstration and characterization of apertures with w = 220 nm and d = 45 nm.
NSOM Characterization
The fabricated apertures were positioned in the s-NSOM system where far field images were first taken through an objective lens. In order to characterize the optical near field of the fabricated apertures, an s-NSOM was used. A home built s-NSOM based on a commercial AFM system was used for this purpose. The s-NSOM was operated in transmission mode where light of wavelength 633 nm was focused on the sample with the help of an objective lens. At the same time, an AFM tip was engaged with the sample in the tapping mode and the sample was raster scanned. The scattered light from the AFM tip was then collected by a separate objective lens and was detected by a photodetector. The scattered light signal was demodulated with a lock-in amplifier at the tip oscillating frequency and its higher harmonics was used to extract the near field signal, which has reduced background noise. A detailed description of the experimental setup has been given elsewhere [24] . Figure 6 shows the s-NSOM results as well as the SEM image and the AFM topography. Figure 6 (a) shows the SEM image of an aperture fabricated according to dimension discussed in the previous section. Figure 6 (b) shows the corresponding AFM topography image. It can be seen from the AFM topography image that the exposed surface of the cross section, unlike normal ridge apertures fabricated by methods such as FIB milling, is fairly planar. Figure 6 (c) shows the s-NSOM signal collected at the 2nd harmonic of the tip oscillation frequency and Fig. 6(d) shows s-NSOM signal collected at the 3rd harmonic of the tip oscillation frequency. Both Figs. 6(c) and 6(d) show the enhancement of the field intensity at the tip of the gold protrusion (the upper bright spot is from the top of the gold film). However, it is seen that the high intensity spot from the third harmonic measurement is closer to what is predicted by the simulation shown in Fig. 3(b) , Using low harmonic detection, the background from the AFM cantilever and surrounding regions makes it difficult to observe the true near field signal at sufficiently high resolution and unwanted background fringes appear the image in Fig. 6(c) , which are commonly seen in s-NSOM measurements [24, 25] . Higher harmonic signals as seen in Fig. 6(d) provide a better background suppression and reduction of the peripheral fringes and helps in better visualization of the near field spot. From the NSOM measurements, the full width at half maxima of the near field spot is 72 nm x 76 nm. The simulated spot size at a distance of 5 nm from the exit plane is 22 nm x 28 nm, and decays to 32 nm x 45 nm at 10 nm from the exit plane and 77 nm x 77 nm at 20 nm from the exit plane. The measured value of the spot size is affected by the convolution between the tip radius of the AFM probe (~10 nm) and the actual spot. Additionally, the tip oscillates with an amplitude of about 20 nm during the NSOM measurements which can also make the spot size larger than that right above the exit plane
Conclusion
We demonstrated a concept of using a layer-by-layer fabrication process to produce ridge apertures in the cross section of layered thin films. Numerical calculations of the electric field distribution were used to evaluate the apertures. The s-NSOM measurements showed the localization of the exit field. Further development and refinement of the fabrication and characterization methods will allow fabrication of apertures in large quantities for many applications.
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